The 3 He-based neutron detectors are no longer the default solution for neutron scattering applications. Both the inability of fulfilling the requirements in performance, needed for the new instruments, and the shortage of 3 He, drove a series of research programs aiming to find new technologies for neutron detection. The characteristics of the new detector technologies have been extensively tested to prove their effectiveness with respect to the state-of-the-art technology.
Introduction
The increasing complexity in science investigations, driven by technological advances, is reflected in the studies of neutron scattering science which enforces a diversification and an improvement of experimental tools, from the instrument design to the detector performance. Complexity means study of realistic and ever more complex heterogeneous samples within extreme or natural environments, and investigation of multiple physical properties of materials [1] . Therefore, the instruments must be flexible, permitting exchanges between brightness and constrained phasespace: in turn implying better resolution, optimization of signal-to-background ratio, and the use of polarized neutrons when necessary. The increasing performance demands drive for development of neutron detector technologies; not only the enhanced detector response is of a crucial importance, but the background rejection plays a significant role as well. The new generation, high-intensity neutron sources like the Spallation Neutron Source [2] (Oak Ridge Laboratory, TN, USA), the Japan Spallation Source [3] (Tokai-mura, Japan), and the European Spallation Source [1, 4, 5] (ESS, Lund, Sweden), presently under construction, will ensure an intensity increase of at least one order of magnitude [6] [7] [8] . The trends in neutron scattering applications point out the importance of exploiting long-wavelength neutrons with energies in the range of 0.1 meV to 80 meV (30Å-1Å). The high brightness, foreseen at ESS, in this energy range will allow faster measurements, increased use of polarized neutrons, investigation of smaller samples and detection of weaker signals. The actual limitations are not only set by the available neutron flux, but also by the detector response. The 3 He-based technology has been predominant for thermal neutrons detection.
Both the availability [9] and the requirements of higher performance, e.g., of counting rate capability, spatial resolution and background sensitivity, are the reasons why a number of research programs are now aiming to find technologies that would replace 3 He [10] [11] [12] . A promising technique is based on solid converter layers ( 10 B, Gd) and either gas proportional counter or solid state material as the sensing medium. Some examples that employ 10 B are: the Multi-Grid [13] [14] [15] [16] , the Multi-Blade [17] [18] [19] , the Jalousie detector [20] , BandGEM [21, 22] , the Boron-coated straw-tubes [23] and CASCADE [24] . Other technologies are based on Gd, e.g., the Gd-GEM [25, 26] , and a whole branch dedicated to the development of solid state neutron detectors coupled with Gadolinium as a converter layer [27] [28] [29] [30] . This research phase involves the investigation of all the characteristics of a prototype, not only to prove the effectiveness of the new technology, but to demonstrate their relative performance to 3 He detectors.
The signal-to-background ratio is one of the features that strongly affect the figureof-merit for most neutron scattering instruments, especially when the detected signals are rather weak and the background discrimination is crucial to disentangle the two effects. The signal is defined by the source brightness and phase space acceptance, and a better background rejection can improve this figure-of-merit, leading to significant impact on instrument's operation, especially at the new high intensity sources. A previous investigation of the fast neutron sensitivity has been performed on a 10 B-based thermal neutron detector [31] , the Multi-Blade detector [17, 18] . A sensitivity on the order of 10 −5 has been measured, about 10 3 times higher than the gamma sensitivity observed with the same detector [31, 32] . The fast neutrons make a significant contribution to the background, hence, it is important to study the detector response to it. This paper investigates, for the first time, the fast neutrons sensitivity of 3 He-based neutron detector. The discussion is presented in comparison with the Muti-Blade detector, whose response to both γ-ray [32] and fast neutrons [31] has been already studied. The fast neutron sensitivity has been calculated as a function of energy threshold. Moreover, a set of simulations has been performed to verify the subtraction method applied to the measurements. [38] . The fast neutron energy range is definined by the emission of these sources, it extends up to approximately E n = 10 MeV. A measurement was also performed with a 60 Co gamma source to have a comparison with a previous work on gamma sensitivity performed using the same 3 He detector [39] .
With the previous evaluation of sensitivity to fast neutron with the 10 B-based detector, excellent separation of the fast neutron and thermal neutron contributions was possible by using identical detectors one containing the 10 B 4 C layer, sensitive to both contributions, and a second detector without the converter layer, only sensitive to fast neutrons. However, it is not trivial to have a good separation between the different neutron contributions, when using the 3 He-tube, because of the high efficiency to thermal neutrons. For this reason the measurements were performed in several configurations, a sketch of which is shown in figure 1 . In configuration (FastN), figure 1(a), the total flux of the source reaches the detector, i.e., fast and thermal contribution. In configuration (ThermN), figure 1(b), the flux is partially thermalized through a polyethylene brick, while in (BackgN), figure 1(c), a shielding of polyethylene, boratedpolyethylene and lead is placed between the source and the detector, in order to reduce as much as possible the incoming neutrons both fast and thermal. The latter is a measurement of the background with the source in place. The detector-source distance is d = 250 mm, the depth of the polyethylene used in configuration (ThermN) is 100 mm, while in the case of (BackN) the depths of polyethylene, borated polyethylene and lead are 40 mm, 25 mm and 2 mm, respectively. These values are used in the simulation to reproduce the actual setup. The solid angle has been calculated on a rectangular surface of the detector (150x10) mm 2 for the fixed distance d. Considering a point-like source, it results in a solid angle of ∼0.002 sr ( ∼0.2% of a sphere). It has been estimated that the measurement of the distance between the source and the sensitive region can lead to an uncertainty which is less than a factor two variation for a misplacement of a ± 25 mm from the fixed location of the source [31] .
A subtraction method has been used to disentangle the thermal and fast contribution. Referring to figure 1, we define the flux reaching the detector in the three measurements as:
Where φ define the main contribution of the incoming neutron flux, f n in the case of fast neutrons and tn for thermal neutrons; ϕ is the component of flux which is considered as background with respect to the main contribution. By subtracting BackN from the other two contributions, we obtain:
The subtraction allows to separate the fast neutron and thermal neutron contributions, as shown in equations 1 and 2. A similar discrimination, based on a more complex analytical procedure using the Inverse Matrix Method can be found in [40] . The subtraction method has been applied on both simulations and measurements. The normalization to the flux, number of neutrons per unit time and area, is obtained multiplying the activity of the source by the solid angle [31] . Note that, for (ThermN) only a fraction of thermalized flux reaches the detector, therefore we calculate the total and thermalized flux from the simulations. The calculated flux, C, is the integral of counts in a selected incident neutron energy range. Note that the solid angle is included in this calculation for the simulation.
Where C(x) is the energy distribution of the counts, while E 1 and E 2 define the energy range of integration. This range varies for each configuration: in the case of (FastN) the energy limit is set by the detectable energy, E 2 ≈ 1 MeV. For (ThermN) it is limited by the thermal neutron energy, for this study we consider E 2 = 0.050 eV.
Once the normalization is calculated, we can derive the expression for the sensitivity as the integral of the normalized counts, f (x), above a certain energy threshold:
Where E f is the maximum detected energy and E th is the selected energy threshold.
Simulations
The neutron reactions involved in the case of a 3 He counter are four:
The contribution of the (n,d) reaction is negligible because of the high threshold energy (> 4 MeV) and the small cross section for this process. Below 1 MeV the (n,p) reaction has the highest cross section, i.e., contributes mostly to the energy deposition in a To support the experimental analysis a Geant4 [42] [43] [44] simulation model is built within the ESS Detector Group simulation framework [45] . The geometry matches the experimental set-up for all three configurations, as seen in figure 3 . The counting gas inside the tube is pure 3 He, while the material of the steel vessel is represented by γ-iron with the help of the NXSG4 library [46] , which treats the thermal neutron transport. The thickness of the steel is 0.4 cm. The wireframe volume appearing in the geometry represents the shielding used in the set-up. Every neutron incident on it is killed. The yellow volume is the window that shapes the active area of the detector.
The neutron generator approximates the Pu/Be source energy distribution but instead of a 4π emission, a conical pattern is adopted for better exploitation of statistics. A custom physics list is used to enable correct thermalization in the polyethylene [47] . The energy released in a 3 He detector, with the characteristics described in the previous section, is shown for the configuration (FastN) in figure 4 and for configuration (ThermN) in figure 5. In both cases, the contribution for each of products of the reactions are shown in the energy range below 900 keV, which is the detectable range. As expected, the elastic scattering, 3 He recoil, contributes mostly to the total Pulse Height Spectrum (PHS) when the fast neutron energies (1-10 MeV in case of the used sources) are taken into account in the simulation, as shown in figure 6 . On the other hand, for the thermalized flux, the products of the (n,p) process, proton and tritium, give the highest contribution to the energy distribution. The full spectrum of the simulated energy deposition for the three simulation set-ups is shown in figure 7 . With the shielding used in configuration (BackN) the thermal peak is about 20% of the peak recorded (ThermN) configuration. From the simulations we calculate ϕ tn = 3% φ th , therefore we can assume that with these measurements we identify not only the neutrons that pass through the shielding and thermalize at the detector, but also the fast neutron counts that thermalize from indirect line of view, i.e. scattering from around the detector. We estimate the total contribution as about 17% of the total incoming neutrons calculated in the (FastN) configuration. Note that no normalization is taken into account yet. The estimation of the flux of neutrons reaching the active area of the detector is fundamental to calculate the flux normalization in the different sets of measurements. The energy distribution of incident neutrons in the detector active area are shown in figure 8 , both for the (FastN) and (ThermN) configurations. We estimate that the thermalized flux (E n < 0.1 eV) passing through a 100 mm layer of polyethylene is ≈8% of the total neutron counts that reach the detector for the full energy range considered for the Pu/Be source. This value is in agreement with [48] . From the simulation we can derive the thermalized flux obtained in configuration (ThermN) sketched in figure 3(b) as described in the previous section following equation 3 . The integrated counts, ≈ 3.5 · 10 5 , have been calculated in an energy range below E 2 = 0.050 eV, as shown in panel (b) of figure 8. In the case of (FastN), figure 3(a), the flux has been calculated based on equation 3 up to E 2 = 1 MeV, the cut is shown in figure 8 , panel (a) (vertical line). This is about 1 order of magnitude higher than the thermalized flux. The ratio between the two calculated fluxes will be used to normalize the measured pulse height spectra presented in section 1.3. As described in the previous section for the measurements, the flux is calculated by multiplying the activity and the solid angle for the fast neutron configuration. The ratio calculated from the simulations (≈ 10%) is needed to normalize the (ThermN) measurement. Indeed, this information cannot be extracted from the data. Before applying the normalizations to the PHS, we apply the subtraction method to disentangle the fast and the thermal neutrons. After the subtraction, we proceed with the normalization.
The efficiency of the detector can be calculated by integrating the counts of the normalized PHS above a certain energy threshold as described in equation 4. In figure 9 the sensitivity both to thermal and fast neutrons is shown. For a threshold of 100 keV, which is usually chosen to discriminate the background [31, 32] , a fast neutron sensitivity of about 3.3 · 10 −3 is obtained and an efficiency of 94% for thermal neutrons, in agreement with the specification of the detector. Moreover, the sensitivity is in the order of 10 −3 up to a threshold of E th = 400 keV. 
Fast neutron sensitivity of 3 He detector
As described in section 1.1, several sources have been used: Am/Be and Pu/Be to measure the fast neutrons, the Pu/Be source has been employed to perform the thermal neutron measurement as well. A Co-60 source was used to measure the γ-ray sensitivity, as a comparison with previous work [39] . Measurements of the environmental background, without any source, were performed as well. The PHS, normalized over time, are depicted in figure 10 ; the centre of the peak corresponding to an energy of 764 keV is used to convert the X-axis from ADC values to energy.
The same method is applied to each PHS reported below. The Am/Be source has a larger γ emission with respect to the Pu/Be source [31, 38] . The effect is clearly visible, indeed, the energy released by γ-rays spreads up to about 200 keV (green curve). Below this region (<100 keV) the PHS measured with the Am/Be source is about one order of magnitude more intense than that recorded with the Pu/Be source. The lower γ-rays emission and the highest activity are the reasons why the presented measurements were carried out with the Pu/Be source. In figure 11 the PHS measured in the configurations (FastN), (ThermN) and (BackgN) are shown. The background counts due to the environment, figure 10, have been subtracted from this data sets. The spectra are normalized by time and solid angle. In configuration (BackgN) the reaction product peak (764 keV) is only one order of magnitude less intense than in case of the thermalized flux configuration (ThermN). This value is in agreement with the simulation, see figure 7 . The same peak is detected in the (FastN) measurement, which confirms the difficulty to decouple the fast and the thermal neutron contributions. The difference of the integrated peak in (FastN) and (BackgN) configurations is approximately 20%, which is in agreement with the ratio of total incoming neutrons calculated in the simulations. Therefore, the peaks are normalized by this difference before applying the subtraction method needed to disentangle the two outputs. From the simulation we know that ϕ tn = 3% φ th , hence we normalize according to this ratio the integral of the thermal peak obtained for the (BackgN) and the (ThermN) measurement, before applying the subtraction. Based on the previous discussion, the flux in (BackgN) measurement can be considered as a background component, both due to the thermalized component passing after the shielding and fast neutrons that scatter around the detector thermalizing at the detector. Thus, this contribution can be subtracted in both scenarios. The resulting PHS are depicted in figure 12 . The fast neutron spectrum is, as expected from the theory, mostly flat after applying the subtraction method. has been subtracted in the case of (FastN), in order to ensure that the spectrum refers to fast neutron events.
Note that, a slight shape of the thermal peak is still distiguishable, but it is the best discrimination achievable in this measurements. When the energy range of the incoming source is in the fast neutron range, up to E n = 10 MeV in the case under study, the pulse height distribution for the 3 He recoil reaction is continuous from E = 0 to (3/4)E n (figure 6), while for the (n,p) reaction the pulse height spectrum has a peak at a value proportional to E n + Q and a continuous wall effect up to E n + Q, in case a monochromatic energy is considered [40] . Since the pulse height spectrum is shown for energies below 900 keV a continuous distribution is expected. This result is in agreement with the simulated energy deposition shown in figure 7 . Therefore, the subtraction method can be considered as a useful tool to disentangle thermal and fast neutron events. For a software threshold of 100 keV a fast neutron sensitivity on the order of 10 −3 is obtained.
The PHS in figure 12 are normalized by time and flux. The latter has been derived from the simulation. As described in section 1.2, we calculated the integrated flux after the thermalization through the polyethylene brick, the total incoming neutron flux, and the same for the fast neutrons, based on equation 3. For the measurement, the normalization is obtained from the activity of the source and the solid angle in the case of fast neutrons. The calculated ratio, ≈ 10%, between the thermal and fast flux from the simulation is used to normalize the PHS in (ThermN) configuration. In figure 13 is shown the sensitivity for configuration (FastN) and (ThermN), calculated referring to equation 4. The E th = 100 keV threshold, red vertical line, is taken according to the simulation and the background discrimination based on previous works with some similar characterizations [31, 32] . A sensitivity of ≈ 4 · 10 −3 is observed. The same order of magnitude is obtained both for measurements and simulations.
2 Further evidence of fast neutron sensitivity of 3 He detector in comparison with the Multi-Blade B10-based detector
Background study from the test at the CRISP reflectometer at ISIS The measurements presented in this section refer to a test performed at the CRISP reflectometer [33] at ISIS, with a Boron-10-based detector, the Multi-Blade [32] , which is under development at the European Spallation Source, ESS [1, 4] . The full description of the experiment can be found in [18, 19] . A background study has been performed on a particular set of measurements, and a direct comparison between the 3 He-tube installed at the instrument and the Multi-Blade detector employed for the tests, is reported in this paper. For those measurements, the two detectors were placed in the direct beam with the chopper working at half of the nominal speed, i.e., 25 Hz instead of 50 Hz. Choppers are rotating disk with at least one aperture, which allow only neutrons of a certain velocity (energy) pass through it. When the neutron beam hits the chopper thermal neutrons are absorbed, γ-rays attenuated, but a fast neutron component can still pass through the chopper and reach the detector. The CRISP reflectometer uses a broad band neutron time-of-flight method for determining the wavelength, λ, in a range of 0.5-6.5Å when operating at the source frequency of 50 Hz, and can be extened up to a maximum of 13Å, if operated at 25 Hz [33] . The larger wavelengths, lower neutron energies (cold range), will be exploited at the new high intensity source ESS. In this range, the efficiency of the Multi-Blade is comparable with that of the 3 He detectors [18] . Moreover, at high q where the reflectivity intensity is very low, down to 10 −6 at the current instruments, the signal-to-background ratio is crucial to perform an adequate data analysis. As the instrument is working at half of the nominal speed, every second pulse the neutron beam find the chopper closed to let the longer wavelengths of the previous pulse to reach the sample, together with this, an intense prompt pulse is generated by the scattering between the neutrons and the chopper material. A sketch of the spectrum in a time window of T = 200 ms is shown in figure 14 . There are three possible scenarios: the chopper is in phase with the proton pulse, thus the beam passes through it (O in the picture), the chopper is not in phase with the frequency of the proton pulse (C in the picture), so the neutron beam hits the chopper producing a high background spike. Furthermore, every five pulses, one pulse is sent to The detector response can be analysed in different time windows of this spectrum. An indirect estimation of the fast neutron sensitivity is obtained focusing the analysis on the background contributions when the chopper is closed (C) in figure 14 . A prompt pulse is expected in the case the chopper is open as well. All these events are mainly due to γ-rays, fast neutrons, environmental neutron counts (thermal and epithermal) and spurious scattering. We define three different regions of studying: the full spectrum t = 0 − 200 ms (T), the thermal spectrum region (O) in t = 120 − 160 ms and the background peak region (C) t = 100 − 105 ms. Note that the time window for regions (O) and (C) have been arbitrarily selected between the four possible choices, see figure 14 . For each region we calculate the detected flux as the integral of the PHS:
1 Φ: total flux integrated in t = 0 − 200 ms 2 Φ tn : thermal flux integrated in t = 120 − 160 ms 3 Φ p : background flux integrated in t = 100 − 105 ms As both the detectors are located in the same place, the same incident flux is impinging on both. Therefore, the indirect calculation consists in extracting the sensitivity of the 3 He detector by comparing the measured flux with both detectors and the well-known Multi-Blade thermal neutron efficiency [18] and fast neutron sensitivity [31] , following the expression 5. 
It is possible to calculate the 3 He efficiency either in the thermal spectrum region or for the background, the index i in equation 5 refers to the two possibilities. The calculation of thermal efficiency serves as a proof of the reliability of this method, whereas the 3 He efficiency is widely known [49] .
A further step is needed in order to separate the fast neutron and the γ-ray background contributions. Based on previous studies on the Multi-Blade detector, a threshold discrimination can be applied [18] . It has been proved, indeed, that by setting an appropriate software threshold, it is possible to reject most of the γ-ray contribution from the data. Usually, the γ-rays give rise to less energetic signals, and only few are detected above this value, on the order of 10 −7 − 10 −8 [31, 32, 50] .
Instead, the fast neutrons have a much broader energy spectrum, which leads to events with higher energy. This contribution can be highlighted by selecting the data above the threshold with a good discrimination to the γ-ray background. We derive the fast neutron flux, Φ f n , by the following relation:
Note that the fluxes in equation 6 are calculated after the software threshold discrimination, while the factor 4 is given by the repetition of the regions (O) and (C) in the spectrum (T), as shown in figure 2. Moreover, Φ f n ∼ Φ p when Φ p is calculated above threshold. The difference is that Φ f n is the average value of background in a time window t = 20 ms, while Φ p is integrated around the peak of region (C) in an interval t = 5 ms. In order to perform the calculation described above, the Time-of-Flight (ToF) spectrum and the PHS in the three regions of interest (T), (O) and (C) will be presented for both detectors. In figure 15 For the region (O) (t = 120 − 160 ms) the recorded ToF spectrum reproduces the beam profile, as shown in figure 16 . The spike at the beginning of this spectrum, and for each of the (O) repetitions shown in figure 14 (t = 0, 80, 120 and 160 ms), is significantly higher in the case of the 3 He-tube than the one recorded with the Multi-Blade detector by about 2 order of magnitudes. The intensity at the thermal peak (t = 128 ms in this case) is higher in the case of the 3 He because CRISP is a thermal neutron reflectometer peaked at λ = 2.5Å, where the Multi-Blade has an efficiency of ∼ 50 %, with respect to the ∼ 85% efficiency of the 3 He tube of the instrument [18] . As expected, above 6.5Å (t = 140 ms in figure 16 ), the two detectors efficiency are close enough that they count a similar amount of events. The ToF spectrum in (C) (t = 100 − 105 ms) is shown in figure 17 separately for the 3 He detector, panel (a), and the Multi-Blade detector, panel (b), because the threshold discrimination is applied individually. The time structure of the pulses is a further indication of the nature of the various background contributions. The gamma flash induces prompt events, indeed, when events below threshold are taken into account, the black pulse in figure 17 (a), it spreads only over 1 ms. The red peak shows, instead, the signals above threshold, this is more intense because, along with the fast neutrons interaction, also a small contribution due to γ-rays of higher energy and spurious scattering from the environment may occur. Note that this peak is broader and extends up to approximately 4 ms. The latter is a further indication that applying the threshold separation it is possible to discriminate most of the γ-rays from the fast neutrons. In the case of the Multi-Blade, figure 17(b) , the difference between the two analysis is still significant, but the counts are much fewer than in the case of the 3 He-tube, more than 1 order of magnitude at peak and around 2 orders of magnitude in the integrated region. Not only with the MultiBlade a lower background is detected, but also for a shorter time, below 1 ms, compared with the ≈ 5 ms recorded with the 3 He detector.
In figure 18 the Pulse Height Spectrum, normalized over the time, for both detectors is shown in the three regions of study (O) (T) and (C) in panel (a) (b) and (c) respectively. The 3 He-detector counts many more background events than the MultiBlade, as discussed for figure 17 . The total flux on the detector when the beam passes through the chopper is calculated as the integral of the PHS in figure 18(a) . The integral of these PHS is used to perform the calculation of Φ f n from equation 6, as described above. The integrated counts for both detectors are listed in table 1. 
Conclusions
The signal-to-background ratio strongly affects the figure-of-merit of most of the instruments. Therefore, the background rejection is of crucial importance to improve the performance of the detector, the efficiency of the instruments, and hence the quality of the measurements together with the data analysis. This paper is focused on the study of fast neutron sensitivity of a 3 He-detector. It is the first time this kind of investigation has been performed on a 3 He-based thermal neutron detector.
Together with the measurements using a 238 Pu/Be fast neutron source, a direct comparison with a boron-based neutron detector, the Multi-Blade detector, has been presented. The aim of this study is to provide a further parameter of discrimination between the new classes of neutron detector technology and the current reference solutions based on the 3 He. magnitude for the sensitivity and are in agreement with each other. Moreover a set of simulations is described in the paper. A good agreement between measurements and simulations is achieved. For the first set of measurements presented in the paper, the efficiency calculation is affected by an uncertainty no more than a factor two, which is dominated by the systematic effects from the calculation of the solid angle. This leads to a detection efficiency for thermal neutrons of 87%. From the simulations it has been estimated as 94% with an uncertainty of about 20% due to statistical fluctuation. Both values are in agreement with the nominal efficiency of the 3 He detector employed for this measurements, which is 96% (at 2.5Å).
The fast neutron sensitivity has been calculated, as in the case of the Multi-Blade detector, for a fixed software threshold of 100 keV, which is representative of the typical real world applications. We obtained a sensitivity of ≈ 4 · 10 −3 , affected by the systematic uncertainty described before. The value is confirmed by the simulation with a calculated sensitivity of ≈ 3 · 10 −3 with a 10% uncertainty.
This estimate of the fast neutron sensitivity is also confirmed by the background characterization analysis performed on the campaign of measurements carried out at CRISP. The sensitivity obtained through the indirect calculation applied to the measurements is on the order of 10 −3 , while the efficiency to thermal neutrons obtained using the same calculation is 94% with an uncertainty of 10% due to statistical fluctuation. This value is in agreement with the measured efficiency [18] . Along with the good agreement achieved between the different methods used to investigate the fast neutron sensitivity, the direct comparison with Multi-Blade detector shows that this sensitivity is about 2 orders of magnitudes higher for a 3 He detector than for a 10 B-based neutron detector. Indeed, the fast neutron sensitivity of the Multi-Blade for the fixed software threshold of 100 keV is approximately 10 −5 , as described in a previous study [31] .
The better background discrimination achievable with a boron-based detector has also an impact from a cost effective point of view. The 3 He detectors need a lot of shielding material for equivalent performance to prevent from counting fast neutrons. Less shielding can be potentially used with a boron-10-based neutron detector, decreasing the costs, especially for large area applications.
